The perspective of strong/weak sustainability has a great impact on sustainability assessment. In this study, two most widely used indices, Ecological Footprint (EF) and Genuine Progress Indicator (GPI) for strong and weak sustainability assessment, were employed to evaluate the sustainability of China's ten megacities between 1978 and 2015. The results showed that the ecological footprint had been enlarged in the past twenty years; while the genuine economic welfare started to increase since 2005. The cities of Xi'an, Chengdu, Chongqing, and Shanghai met the threshold of below 2.5 global hectares for EF/capita, and over 3000 dollars/capita (in 2010 US$) for GPI/capita. By analyzing and comparing the characteristics, the processes and results, and the complementary features of evaluation methods of EF and GPI, the research suggested that: (1) Strong and weak sustainability indicators, with their own pros/cons in sustainability assessment, should be used carefully; (2) Weak sustainability indicators could be analyzed from the perspective of strong sustainability; (3) Strong sustainability indicators need to be developed urgently. The results in this study could guide the selection of sustainability indicators, and help interpret the results of sustainability assessment.
Yield factor was adopted at provincial scale [24] . Average world yield, carbon uptake capacity and equivalence factor were set by default values [25, 26] , namely the world average data. Calculation methods of GPI and EF were stated in detail in Huang [14] .
Data Processing
Social and economic data were mainly derived from each city's Statistical Yearbook, China City Statistical Yearbook, China Energy Statistical Yearbook, China's New Urbanization Report, and BP Statistical Review of World Energy. Environmental data were obtained from each city's Statistical Yearbook, China Statistical Yearbook on Environment and Institute of Geographic Sciences and Natural Resources Research, CAS. It should be noted that land use data (in the years 1980, 1990, 2000, 2005 , and 2015) of GPI and BC were from Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, instead of from the literature as in Huang [14] .
The data were collected from 1978 to 2015. Since 1 December 2012, National Bureau of Statistics of China have initiated "Reform of Urban and Rural Household Survey", which unifies the name, classification and statistical standard of urban and rural residents' income. Hence, in general, the urban and rural residents' income data, expenditure data, and consumption data after 2012 should not be compared to the previous data. The execution efficiency of this reform, however, was quite different among cities. Most megacities executed it in 2013 or 2014. Since the data from the new statistic caliber were limited, the data from old caliber were used in this research (Table 1) . Table 1 . The starting and ending year of indices of data collection. The starting year: according to data availability; the ending year: using the data from old statistic caliber according to the "Reform of Urban and Rural Household Survey". Northeastern region Shenyang 1994 Shenyang -2014 Shenyang 1995 Shenyang -2014 To find out the contribution of each indicator to indices (EF and GPI), the study input the indicators of the period (Table 1) to SPSS 20, adopted stepwise linear regression, chose the proper model by t value and significance, and judged the contribution by standardized coefficient in this research.
Region

Results
EF and BC
EF/capita of the ten megacities has increased significantly in the past twenty years ( Figure 1a) . The values of EF/capita for Nanjing and Wuhan were between 3.8 and 4.5 global hectares (gha) after 2010; the values for Guangzhou, Beijing, Tianjin, Shanghai and Shenyang were between 2 and 3 gha; and the values for Chongqing, Xi'an and Chengdu were below 2 gha. Three Western cities performed better than other cities in terms of EF/capita. The value of EF/capita of Chongqing increased remarkably after 2007, and the most stable cities were Chengdu and Xi'an. Among the components of EF, biological resource consumption (namely the cropland footprint, grazing footprint, forest footprint and fishing footprint) increased in general (Figure 1b) . Except for Beijing, the values of biological resource consumption of other cities were between 0.8 and 1.4 gha in recent ten years.
The biggest increase in CO 2 footprint occurred in Nanjing and Wuhan, whose values of CO 2 footprint were over 3 gha/capita in 2013 (Figure 1c) . The values of Chengdu and Xi'an, however, remained steadily below 0.5 gha. In 2012 (the latest year that all megacities had data), the values of EF/capita varied among ten cities (Figure 2a ). The highest value was 4.4 gha (Nanjing), and the lowest was 1.5 gha (Xi'an and Chengdu). Ranking cities by EF, which was quite different from ranking them by EF/capita, Chongqing, Beijing and Shanghai were the top three, and Shenyang and Xi'an were the bottom two ( Figure 2b ). CO2 footprint contributed most in EF/capita, followed by cropland footprint, fishing footprint, grazing footprint and forest footprint, successively (Table 2) . After adding resident population, CO2 footprint and cropland footprint contributed most in EF, followed by fishing footprint, grazing footprint and forest footprint (Table 3 ). In 2012 (the latest year that all megacities had data), the values of EF/capita varied among ten cities (Figure 2a ). The highest value was 4.4 gha (Nanjing), and the lowest was 1.5 gha (Xi'an and Chengdu). Ranking cities by EF, which was quite different from ranking them by EF/capita, Chongqing, Beijing and Shanghai were the top three, and Shenyang and Xi'an were the bottom two (Figure 2b ). CO 2 footprint contributed most in EF/capita, followed by cropland footprint, fishing footprint, grazing footprint and forest footprint, successively (Table 2) . After adding resident population, CO 2 footprint and cropland footprint contributed most in EF, followed by fishing footprint, grazing footprint and forest footprint (Table 3) . In 2012 (the latest year that all megacities had data), the values of EF/capita varied among ten cities (Figure 2a ). The highest value was 4.4 gha (Nanjing), and the lowest was 1.5 gha (Xi'an and Chengdu). Ranking cities by EF, which was quite different from ranking them by EF/capita, Chongqing, Beijing and Shanghai were the top three, and Shenyang and Xi'an were the bottom two (Figure 2b ). CO2 footprint contributed most in EF/capita, followed by cropland footprint, fishing footprint, grazing footprint and forest footprint, successively ( Table 2 ). After adding resident population, CO2 footprint and cropland footprint contributed most in EF, followed by fishing footprint, grazing footprint and forest footprint (Table 3 ). BC/capita varied among cities ( Figure 3 ). The highest value of BC/capita was 0.84 gha (Chongqing) in 1980, and the value dropped to 0.40 gha in 2000. The biocapacity of other cities all decreased from 1980 to 2015, but not as much as that of Chongqing. The ranking order of cities by BC/capita from large to small in 2015 was as follows: Chongqing, Shenyang, Nanjing, Chengdu, Wuhan, Guangzhou, Xi'an, Tianjin, Beijing, and Shanghai. The values of BC/capita in most cities were between 0.1 and 0.3 gha, far lower than that of EF/capita. 
GPI and GDP
GPI/capita and GDP/capita of ten megacities increased in general in the past years, but had different trends (Figure 4a ,b). GDP/capita for most cities stabilized (except for the significant decrease in Shanghai from 1980 to 1986) before 1994, and increased dramatically after 1994 ( Figure  4b ). Different from GDP/capita, GPI/capita stabilized between the year 1994 and the year around 2005, and increased after the year around 2005 (Figure 4a ). In the past twenty years, the ratio of GPI to GDP became smaller ( Figure 4c ). However, the ratio stopped decreasing in recent years. The ratio of some megacities even started to increase slightly. For example, the ratio of Beijing, Shanghai and Shenyang increased in the recent three years.
The performance of GPI/capita in the cities varied in 2012 (Table 4 ). The smallest value of the ratio of the GPI to GDP was 14.6% (Tianjin), and the largest value was 52.7% (Chongqing). Also, the performance of the components of GPI varied in ten cities. For example, the proportion of economic costs to GPI of Shanghai was 98.7%, and that of Nanjing was 6.8%; the proportion of environmental costs to GPI of Nanjing was 95.0%, and that of Chengdu was 11.7%. The proportion of social benefits to the GPI was large in most cities. The values of the cost of wetland loss and farmland loss were relatively low, and no loss of old-growth forests was observed in ten cities. Among all the twenty indicators, Consumer expenditure contributed most to GPI, followed by Adjustment for unequal income distribution (urban), Value of leisure time, Depletion of nonrenewable resources, and Cost of commuting (Table 5 ). 
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The performance of GPI/capita in the cities varied in 2012 (Table 4 ). The smallest value of the ratio of the GPI to GDP was 14.6% (Tianjin), and the largest value was 52.7% (Chongqing). Also, the performance of the components of GPI varied in ten cities. For example, the proportion of economic costs to GPI of Shanghai was 98.7%, and that of Nanjing was 6.8%; the proportion of environmental costs to GPI of Nanjing was 95.0%, and that of Chengdu was 11.7%. The proportion of social benefits to the GPI was large in most cities. The values of the cost of wetland loss and farmland loss were relatively low, and no loss of old-growth forests was observed in ten cities. Among all the twenty indicators, Consumer expenditure contributed most to GPI, followed by Adjustment for unequal income distribution (urban), Value of leisure time, Depletion of nonrenewable resources, and Cost of commuting (Table 5) . 
GPI/capita and GDP/capita of ten megacities increased in general in the past years, but had different trends (Figure 4a,b) . GDP/capita for most cities stabilized (except for the significant decrease in Shanghai from 1980 to 1986) before 1994, and increased dramatically after 1994 ( Figure  4b ). Different from GDP/capita, GPI/capita stabilized between the year 1994 and the year around 2005, and increased after the year around 2005 (Figure 4a ). In the past twenty years, the ratio of GPI to GDP became smaller (Figure 4c) . However, the ratio stopped decreasing in recent years. The ratio of some megacities even started to increase slightly. For example, the ratio of Beijing, Shanghai and Shenyang increased in the recent three years.
EF and GPI
From the scatterplot of EF/capita and GPI/capita ( Figure 5 ), western cities made progress with relatively low environmental impact. Among the cities of Beijing, Guangzhou and Nanjing, the increasing range of EF/capita in Beijing was the smallest. Even though the value of GPI/capita of Nanjing was large, its value of EF/capita was much larger than the other two cities. Setting threshold of below 2. 
From the scatterplot of EF/capita and GPI/capita ( Figure 5 ), western cities made progress with relatively low environmental impact. Among the cities of Beijing, Guangzhou and Nanjing, the increasing range of EF/capita in Beijing was the smallest. Even though the value of GPI/capita of Nanjing was large, its value of EF/capita was much larger than the other two cities. Setting threshold of below 2. Dividing GPI by EF, namely the genuine economic welfare produced under the pressure of one global hectare of ecological footprint, the value varied dramatically between 140 and 2102 dollars per global hectare (in 2010 US$) ( Figure 6 ). The values of GPI/EF showed an overall declining trend before 2005, and increased significantly after 2005. According to the performance in recent years, the descending order of the megacities in GPI/EF was: Xi'an, Chengdu, Chongqing, Beijing, Guangzhou, Shanghai, Shenyang, Tianjin, Nanjing, and Wuhan. Regarding the environmental costs of GPI per capita and EF/capita, Nanjing performed badly in both of them, and the performances of Chengdu, Xi'an, Chongqing and Shenyang were relatively good in both of them. Wuhan performed badly in EF/capita, while performed well in environmental costs of GPI/capita (Figures 4a and 7) .
Sustainability 2018, 9, x FOR PEER REVIEW 10 of 14 descending order of the megacities in GPI/EF was: Xi'an, Chengdu, Chongqing, Beijing, Guangzhou, Shanghai, Shenyang, Tianjin, Nanjing, and Wuhan. Regarding the environmental costs of GPI per capita and EF/capita, Nanjing performed badly in both of them, and the performances of Chengdu, Xi'an, Chongqing and Shenyang were relatively good in both of them. Wuhan performed badly in EF/capita, while performed well in environmental costs of GPI/capita (Figures 4a and 7) . 
Discussion
The Differences of Evaluation Processes between EF and GPI
EF is a typical strong sustainability indicator. Its calculation is based on six hypotheses: (1) it is possible to track most resources human consume and most waste human generate; (2) most of these resources and waste can be measured in biologically productive area; (3) all biologically productive areas can be expressed in standardized hectares; (4) standardized hectares can be added up to a total descending order of the megacities in GPI/EF was: Xi'an, Chengdu, Chongqing, Beijing, Guangzhou, Shanghai, Shenyang, Tianjin, Nanjing, and Wuhan. Regarding the environmental costs of GPI per capita and EF/capita, Nanjing performed badly in both of them, and the performances of Chengdu, Xi'an, Chongqing and Shenyang were relatively good in both of them. Wuhan performed badly in EF/capita, while performed well in environmental costs of GPI/capita (Figures 4a and 7) . 
Discussion
The Differences of Evaluation Processes between EF and GPI
EF is a typical strong sustainability indicator. Its calculation is based on six hypotheses: (1) it is possible to track most resources human consume and most waste human generate; (2) most of these resources and waste can be measured in biologically productive area; (3) all biologically productive areas can be expressed in standardized hectares; (4) standardized hectares can be added up to a total 
Discussion
The Differences of Evaluation Processes between EF and GPI
EF is a typical strong sustainability indicator. Its calculation is based on six hypotheses: (1) it is possible to track most resources human consume and most waste human generate; (2) most of these resources and waste can be measured in biologically productive area; (3) all biologically productive areas can be expressed in standardized hectares; (4) standardized hectares can be added up to a total to represent the aggregate human demand; (5) ecological supply can also be expressed in standardized hectares; (6) area demand can exceed area supply, which is called "ecological overshoot" [27] .
According to the above hypotheses, the calculation needs average world yield, carbon emission factor, carbon uptake capacity, equivalence factor, and yield factor, all of which have great impact on the result. Theoretically, except for the average world yield, the other four should be set according to the real situation of a particular area (see Section 2.2). If these factors were updated, with the change of biophysical productivity of the particular area and the update of carbon treating technologies, the results of EF would change accordingly. However, dynamic parameters were not available in most situations. Therefore, the trend of EF change, not the result in a particular year, is preferred in assessing urban sustainability.
GPI has been applied at national, regional and urban scales worldwide [14, 20, [28] [29] [30] [31] [32] [33] . It should be careful to compare the results from different studies, since the mathematical formulations and data collections of each indicator of GPI might be different among different studies. Three points should be noted in this study: (1) China's urban-rural dual land system has led to the division of statistical data before and after 2013, so the study calculated Gini coefficients for urban and rural areas separately, instead of the whole city. This problem, however, could be solved using the data after the Reform of Urban and Rural Household Survey; (2) The costs of commuting had increased since 2000 in most cities. For example, the time cost in server congestion and moderate congestion of Beijing reached 90 min daily [34] . This study only calculated time loss of traffic congestion. The cost of extra energy consumption, environmental pollution, traffic accidents and residents' health should, but have not been included; (3) To calculate the cost of farmland and wetland loss, the total reduced area was multiplied by an annual production and ecological value that could have been provided by the areas if they were not lost. Since the values and the annual reduced areas were relatively small, the costs of farmland loss and wetland loss were small and contributed little to the total GPI (Table 4) . Therefore, the value of GPI shows the trend of urban genuine development, but the analysis will be in skin-deep if we do not look into specific indicators of GPI.
The Differences of Evaluation Results of EF and GPI
The results may be opposite by using EF and GPI to evaluate urban sustainability separately (Figures 1a and 4a) . So before the evaluation, it should look into the details of the characteristics of strong and weak sustainability. First, the notions of strong and weak sustainability focus on different aspects. Taking EF and GPI as examples, EF focuses on human impacting on environment, and GPI focuses on ecosystem and environmental state. It noted that multi-dimensional concepts of sustainability may not be considered as fundamentally measuring weak sustainability if equal weights were not assigned to them [12] . The study could analyze the environmental cost of GPI separately. Nanjing and Wuhan were typical cities in this aspect. As both cities performed badly in EF/capita, Wuhan performed relatively better in the environmental cost of GPI/capita than Nanjing did. By analyzing the sub-indicators of GPI, the study found that the main difference between the two cities was the cost of pollution (air pollution was not included), which was lower in Wuhan than in Nanjing. Most indicators of the environmental cost of GPI were calculated by the real cost. Only the cost of pollution was replaced by the investment in environmental infrastructure of the government. Less investment does not necessarily mean healthy environment and ecosystem. If the actual cost of pollution control could be found, the performance of environmental cost of GPI and EF might be consistent.
Second, the interpretations of data were different between EF and GPI. Taking energy consumption and carbon dioxide as examples, EF method could convert carbon dioxide emissions from energy consumption into forest and grazing areas, and GPI calculated the depletion of nonrenewable resources (raw coal, crude oil and natural gas), and the cost of long-term environmental damage by using carbon dioxide and ozone emission data. CO 2 footprint contributed most in EF, and depletion of nonrenewable resources contributed relatively high in GPI (the ranking order of standardized coefficients was the fourth when GPI was the dependent variable; and the ranking order was the first when the environmental cost of GPI was the dependent variable). If a city consumes a lot of energy, the performances of EF and GPI will be consistent.
The Potential to Integrate EF and GPI in Sustainability Assessment
To avoid misleading effect of weak sustainability indicators, researchers suggested to include at least one strong sustainability indicator in the assessment [12] . For example, the ratio of GPI over EF (GPI/EF) could be used as an efficiency indicator for GPI. Happy Planet Index (HPI), a sustainability index covering three dimensions, measures the ecological efficiency with which human wellbeing is delivered [35] . Instead of transferring natural resources into human wellbeing in HPI, GPI/EF converted natural resources into genuine economic development. Wellbeing Index (WI), another widely used index, is special from the perspectives of strong and weak sustainability [36, 37] . If the final result of WI is shown by number, it is a weak sustainability index; if it is shown by a two-dimensional graph "Barometer of sustainability", ecosystem wellbeing and human wellbeing, it is a strong sustainability index. On the barometer, the overall wellbeing is determined by the lower index of ecosystem wellbeing and human wellbeing. Similarly, if a threshold for EF and GPI could be set in the scatterplot, they can be combined as a composite strong sustainability index.
Suggestions on the Development of Strong/Weak Sustainability Indicators
The notions of strong and weak sustainability have important implications for urban sustainability assessment because they reflect different kinds of sustainability a city intends to achieve. Weak sustainability is not sustainable in the long term. However, weak sustainability indicator can be helpful in communicating with decision-makers and the public at a small scale. Strong sustainability indicator can be used at a large scale, supporting the protection of natural capital. The two could be used simultaneously in real work [5] . However, before weighting and aggregating weak sustainability indicators, the indicators of the index should be analyzed. In addition, it can also adopt multiple methods in 4.3 to analyze weak sustainability indices from the perspective of strong sustainability.
According to this study, it found that EF does not allow for substitutability to a certain degree. So what is the proper threshold to "portray" the degree? "Critical Natural Capital" (CNC) is featured with important environmental functions that could not be provided by human-made capital [10, 38] . If we could calculate the amount of the CNC, or even delimit the space covering the CNC, then the degree is clear. To pursue for strong sustainability, it would be ideal to protect the critical natural capital at a large scale, and substitute between natural capital and human-made capital without damaging the CNC at a smaller scale.
Conclusions
This study showed that EF of all megacities increased while biocapacity decreased. Three western cities had relatively lower pressures on the environment than other cities did. Carbon dioxide footprint contributed most to EF. The trend of GPI/capita, quite different from GDP/capita, increased after around 2005 after a relatively constant period between 1994 and 2005. Consumer expenditure contributed most to GPI. Only Xi'an, Chengdu, Chongqing and Shanghai met the threshold of below 2.5 gha for the value of EF/capita, and over 3000 dollars/capita (in 2010 US$) for the value of GPI/capita. The performance of the cities varied greatly in terms of the genuine economic welfare produced under the pressure of one global hectare of ecological footprint.
By analyzing and comparing the characteristics, the processes and results, and the complementary features of evaluation methods of EF and GPI, I suggested that: (1) Strong or weak sustainability indicators have their own pros/cons in sustainability assessment and should be used carefully. Strong sustainability is indispensable in sustainability assessment, focusing on the environmental dimension and covering one or two other dimensions. Weak sustainability indicators should be analyzed before weighting and aggregation, and the results of the composite index should be carefully interpreted; (2) Weak sustainability indicators could be analyzed from the perspective of strong sustainability. It is feasible to set threshold for sub-indicators of environmental dimensions, design graphs to outstand the importance of achieving environmental sustainability, and add a strong sustainability indicator to generate a new index; (3) Strong sustainability indicators need to be developed urgently. Critical natural capital is a useful concept to help determine the degree of substitutability between natural capital and human-made capital in number or in space.
